EEEEEEEE
EEEEEEEEE
NNNNNNNN
AAAAAAAAAA

LLNL-JRNL-406741

STUDIES OF X-RAY PRODUCTION
FOLLOWING CHARGE EXCHANGE
RECOMBINATION BETWEEN HIGHLY
CHARGED IONS AND NEUTRAL
ATOMS AND MOLECULES

G. V. Brown, P. Beiersdorfer, H. Chen, J. Clementson,
M. Frankel, M. F. Gu, R. L. Kelley, C. A. Kilbourne, F. S.
Porter, D. B. Thorn, B. J. Wargelin

September 3, 2008

IOP Journal of Physics: Conference series



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



STUDIES OF X-RAY PRODUCTION
FOLLOWING CHARGE EXCHANGE
RECOMBINATION BETWEEN HIGHLY
CHARGED IONS AND NEUTRAL ATOMS AND
MOLECULES

G. V. Brown'!, P. Beiersdorfer!, H. Chen', J. Clementsonf, M.
Frankel’, M. F. Guf, R. L. Kelley!, C. A. Kilbourne?, F. S. Porter,
D. B. Thorn', B. J. Wargelin?

TLawrence Livermore National Laboratory, Livermore, CA 94550

ﬁNASA/Godda,rd Space Flight Center, Greenbelt, MD 20770
tHarvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138

E-mail: gregbrown@llnl.gov

Abstract. We have used microcalorimeters built by the NASA /Goddard Space Flight Center
and the Lawrence Livermore National Laboratory Electron Beam Ion Trap to measure X-ray
emission produced by charge exchange reactions between highly charged ions colliding with
neutral helium, hydrogen, and nitrogen gas. Our measurements show the spectral dependence
on neutral species and also show the distinct differences between spectra produced by charge
exchange reactions and those produced by direct impact excitation. These results are part of
an ongoing experimental investigation at the LLNL EBIT facility of charge exchange spectral
signatures and can be used to interpret X-ray spectra produced by a variety of laboratory and
celestial sources including cometary and planetary atmospheres, the Earth’s magnetosheath,
the heliosphere, and tokamaks.

The radiationless transfer of one or more electrons to a projectile ion from a target neutral
atom or molecule is known as charge exchange recombination (CX). Photon emission is produced
by CX when the transferred electron is captured into an excited state and that state radiatively
decays. CX plays an important role in a variety of plasmas and is believed to be a significant
X-ray line formation process in many non-equilibrium astrophysical objects. For example, X-
ray emission from CX has been identified or hypothesized as a source of X-ray production in
planetary atmospheres, including the aurora of Jupiter [1, 2] and the Earth’s magnetosheath [3],
supernova remnants [4], and the galactic center and ridge [4, 5]. CX is also believed to contribute
significantly to the cosmic soft X-ray background. In addition, CX produces a significant
amount of radiation in some laboratory plasmas, such as during neutral beam heating in
tokamak plasmas. Identification and interpretation of the X-ray spectral signatures from charge
exchange in complex sources, however, has been challenging because little targeted laboratory
data are available, and while in some cases agreement between theory and measurement is good
[6], in many significant discrepancies still exist [7, 8, 9]. To help better understand charge



exchange recombination and to provide benchmarks for theory, we have used the Electron Beam
Ion Trap Facility (EBIT) facility at Lawrence Livermore National Laboratory (LLNL) and a
NASA /Goddard Space Flight Center microcalorimeter instrument to measure the X-ray spectral
signatures of charge exchange. Here we present a brief description of the measurement technique
and selected results.

The LLNL EBIT facility, home of the original EBIT [10, 11], is well tested and has been
used in numerous atomic physics and laboratory astrophysics experiments. Most basically, it
consists of an electron beam, compressed by a 3 Tesla magnetic field, that creates and excites
ions, and a trap region defined by three drift tubes that confine the ions along the axis of
the electron beam. The LLNL EBIT can operate in two modes: the electron trapping mode,
and the magnetic trapping mode[12]. In the magnetic trapping mode, the electron beam is
turned off and the ions are trapped radially by the 3 Tesla magnetic field. This differs from the
electron trapping mode, most often used in EBIT experiments, where the beam is on and the
ions are trapped radially by the potential created by the electron beam’s space charge. For CX
experiments, EBIT is operated in a phase that includes both trapping modes. Ions are created
in the electron trapping mode, then the X-ray emission from CX is measured in the magnetic
trapping mode. Neutral targets are introduced continuously throughout the EBIT phase using
a ballistic gas injector. Figure 1 shows a typical EBIT phase diagram denoting the electron and
magnetic trapping modes and the spectra acquired during each mode.
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Figure 1. Energy (upper frame) and total counts (lower frame) versus EBIT phase time. The
electron and magnetic trapping mode portions of the phase are both shown. The X-ray emission
from charge exchange between highly charge Fe ions and Ny takes place during the magnetic
trapping mode. For this experiment, Fe was injected into EBIT using a laser ablation injection
system [13]. Each of the laser injection pulses can be seen in both frames. Between 0 and 0.1
seconds the ions are dumped from the trap and no X-ray emission occurs.

For these experiments, photons were detected using one of the microcalorimeter instruments
developed and built at the NASA /Goddard Space Flight Center [14, 15] and operated at LLNL.
In particular, the second generation XRS/EBIT was used!. The XRS/EBIT has an energy

! For a more complete description of the microcalorimeter instruments operated at the LLNL EBIT facility, see
Porter et al. these proceedings.



resolution of 5 — 6 eV at 6 keV and is able to measure time-resolved spectra. Time resolution is
necessary in order to “cut out” the electron trapping mode portion of the EBIT phase so that
the X-ray spectra produced solely by charge exchange can be analyzed separately. High energy
resolution is necessary to resolve high-n Rydberg states (see below).

Figures 2 and 3 show spectra produced by charge exchange between hydrogenic Fe“°™ and bare
Fe?6* projectiles and neutral Hy, N9, and He targets producing X-ray emission from helium-like
Fe?* and hydrogenic Fe?>T, respectively. Figure 2 shows the He-like Fe?** spectrum produced
by CX compared to the spectrum from Fe?** produced by direct electron impact excitation. In
the CX case, the 1s2s 3S; — 1s? 'Sy forbidden line “z” is much stronger than the 1s2p 'P; —
1s? 1Sy resonance line “w”, in stark contrast to the case of direct electron impact excitation.
This well known spectral signature [4, 8] can be used to identify the presence of CX as an X-ray
production mechanism, even using a relatively low-resolution spectrometer, such as a CCD or
germanium detector [16, 17].
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Figure 2. Comparsion of X-ray emission from helium-like Fe?** produced by charge exchange

(CX) between hydrogenic Fe?>* and Ny and produced by direct electron impact excitation (DE).

Figure 3 compares the high-n Rydberg X-ray lines produced by CX between Fe?S* and neutral
Hs, No, and He. Note that the strongest X-ray line in the case of He is 1,4, = 12 — 1, while in
the case of Hy and Ny it is n,,q.,=14 — 1. The lower n,,., for the He targets is caused by the
fact that the principal quantum number, n, of the state of the ion with the maximum capture
cross section depends on the ionization potential of the neutral material [4]. Although these
results do follow the trend predicted by theory, i.e., n,,q,; decreases as the ionization potential
of the neutral target increases, the measured 1,4, is higher than predicted. Our results show
that, given high enough energy resolution, CX spectra can be used to distinguish among neutral
target material.

Significant advances have been made in understanding the X-ray production from CX;
however, much work remains to fully realize its diagnostic potential, particularly in the case
of charge exchange with L-shell ions [18, 19]. Studies of CX will be especially useful in the
analysis of data acquired by future satellite missions, such as Astro-H, which will carry a
microcalorimeter similar to the one used in these experiments, and that will for the first time
provide high resolution, high signal-to-noise spectra of extended sources.
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Figure 3. Comparison of X-ray emission from high-n — 1 Rydberg transitions following CX
between bare Fe?6* and He, Hy, and Ny. The ionization potential for He, Hy, and Ny are 24.6

eV,

15.4 eV, and 15.6 eV, respectively. The predicted value for n for the state of maximum

capture for the He targets is 9, and for Hy, and Ng is 12 or 13. The collision energy for these
reactions is ~ 10 eV /amu.
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